Alzheimer's disease (AD) is a chronic neurodegenerative disease, which is characterized by the extracellular deposition of β-amyloid (Aβ). Previous studies reported that resveratrol, a natural herbal compound isolated from grapes, could alleviate the development and progression of AD. However, the underlying mechanism is still unclear. In the study, amyloid beta-peptide 1-42 (Aβ 1-42 ) -treated the differentiated rat pheochromocytoma cell line (PC12) was chosen as an AD cellular model. Our data showed that resveratrol attenuated Aβ 1-42 -induced cell death and significantly enhanced mitophagy including an increase in acidic vesicular organelle number, LC3-II/ LC3-I ratio, Parkin and Beclin-1 expression, and LC3 and TOMM20 co-localization in Aβ 1-42 -treated PC12 cells. However, 3-MA remarkably inhibited resveratrol-induced mitophagy. Resveratrol reduced apoptosis, decreased oxidative status and alleviated mitochondrial damage in Aβ 1-42 -treated PC12 cells. However, all of the protective effects were significantly blocked by 3-MA, suggesting that mitophagy was considerably involved in the neuroprotective effects of resveratrol via decreasing oxidative status. Our study suggests that mitophagy pathway may become a new targeted therapy to attenuate neuronal damage induced by AD.
Introduction
Alzheimer's disease (AD) is a common neurodegenerative disease in elderly, which is characterized by disordered cognitive function and altered behavior (Walsh and Selkoe, 2004) . Age is the greatest risk factor of AD. Approximately 3% of people age 65-74, 17% of people age 75-84, and 32% of people over the age 85 suffer from AD (Hebert et al., 2013) . In 2010, there were about 454,000 new cases of AD, and the number will reach 959,000 (a 110% increase from 2010) by 2050 (Alzheimer's assocation, 2016). The main histopathological changes in AD include the extracellular deposition of senile plaques consisting of β-amyloid (Aβ) deposits and the intracellular deposition of neurofibrillary tangle associated abnormal hyperphosphorylated tau protein (Ittner and Gotz, 2011) . In the central nervous system (CNS), Aβ can induce oxidative injury and inflammatory response that contribute to the progression of AD. As the toxic factor, the progressive accumulation of Aβ has been widely believed to initiate the pathogenesis of AD (Nevalainen Convenor et al., 2002; Yin et al., 2017) . A growing body of evidence suggested that Aβ could induce mitochondrial abnormalities via disrupting electron transfer chain (Manczak et al., 2011) , increasing reactive oxygen species (ROS) production (Abramov et al., 2004) and impairing mitochondrial function (Du et al., 2008) .
It is well known that autophagy is evolutionarily conserved selfdigestion pathway for intracellular recycling and autodigesting of bulk proteins, and aging organelles (Glick et al., 2010) . As one of the form of specific autophagy, mitophagy plays an important role in mitochondrial quality control (Barnett and Brewer, 2011) . Several studies suggested that mitochondrial damage could lead to the decrease of membrane potential, which further caused the mobilization of Parkin to mitochondria, resulting in mitophagy (Sheng, 2014; Ye et al., 2015) . Dysfunctional mitochondria could cause the increase of oxidative status (Court and Coleman, 2012) , which was considered as one of the causal factors in AD and other neurological diseases (Kwon et al., 2010; Nunomura et al., 2010; Strazielle et al., 2009) . Therefore, selective removal of dysfunctional mitochondria by mitophagy is an effective way to limit the neuronal oxidative damage.
Resveratrol (trans-3,5,4′-trihydroxydroxystilbene; C 14 H 12 O 3 ), is a natural polyphenolic phytoalexin (Jardim, 2017) . It consists of many plants and its processed products, such as grapes, berries, peanut and red wine (Bertelli and Das, 2009) . Resveratrol has been shown to a variety of biological protective function, such as anti-oxidation, antiinflammation, anti-diabetes, anti-cancer, anti-aging, cardioprotection, chemoprevention, and neuroprotection (Brasnyo et al., 2011; Magyar et al., 2012; Timmers et al., 2011) . As ROS scavenger and iron chelator, the antioxidant effect of resveratrol was first presented (Kitada and Koya, 2013) . In recent years, more and more studies showed that resveratrol could induce autophagy and mitophagy (Wu et al., 2016; Zhang et al., 2015) . A previous study showed that resveratrol alleviated development and progression of AD through various pathways (Rege et al., 2014) . Both in vitro and in vivo investigations show that resveratrol reduces amyloid toxicity by decreasing Aβ production (Donmez et al., 2010) . In addition, it can effectively interject in the amyloid cascade through its antioxidant and anti-inflammatory activity (Liu and Bitan, 2012) . Although, the beneficial effect of resveratrol in AD has been widely concerned, its underlying mechanism against Aβ cytotoxicity is still not very clear. In the present study, we explored whether resveratrol could significantly attenuate Aβ-induced oxidative damage in PC12 cells, and further clarified if the protective mechanism of resveratrol was associated with mitophagy.
Materials and methods

Materials and reagents
PC12 cells were obtained from the Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences. Resveratrol, Aβ 1-42 , 3-MA, fetal bovine serum (FBS), horse serum (HS) and MTT were bought from Sigma Chemical Co., St Louis, MO. MitoTracker Red CMX Ros was obtained from Invitrogen. Anti-LC3 (M186-3) IgG primary antibody was purchased from MBL (Japan), anti-Beclin-1 (#3495) IgG primary antibody was bought from Cell Signaling Technology (United States) and Anti-Parkin (ab77924) IgG primary antibody was purchased from Abcam (United States). Anti-β-actin IgG primary antibody was purchased from Santa Cruz Biotechnology, Inc. CA (United States). RNAiso Plus Reagent, PrimeScript™ RT reagent Kit and SYBR green Premix Ex Taq™ II were purchased from TaKaRa (Japan). ATP assay kit, T-SOD assay kit, MDA assay kit, CAT assay kit, JC-1 mitochondrial membrane potential assay kit and Hoechst 33342 dye assay kit were obtained from the Beyotime Institute of Biotechnology (Shanghai, China). The Alexa 488-conjugated goat anti-rabbit IgG and the Alexa 647-conjugated goat anti-mouse IgG secondary antibodies were bought from Invitrogen, San Diego, CA (United States). The chemiluminescent HRP substrate was purchased from Millipore Corporation, Billerica, MA (United States). Rat Caspase-3 Elisa Kit was bought from Shanghai Lengton Bioscience Co. Ltd (Shanghai, China).
Cell culture
PC12 cells were cultured as previously described (Qiao et al., 2001 ). The cells were routinely thawed and grown in RPMI-1640 supplemented with 5% FBS, 10% HS, 1% penicillin, and 1% streptomycin in a humidified atmosphere containing 5% CO 2 at 37°C. The medium was changed two or three times a week. They were plated onto 96-well culture plates or 6-well culture plates coated with poly-D-lysine/laminin. It was replaced with RPMI-1640 medium containing 0.5% FBS, 1% penicillin, and 1% streptomycin with NGF (nerve growth factor, 2.5 ng/ml) 24 h after plating (Nishimura et al., 2008) . After reaching 60-70% confluent, the cells were employed in the next step.
MTT assay
The cell viability was assessed by MTT assay (Wang et al., 2015) . Cells were treated with normal medium (CON) and several concentrations of Aβ 1-42 (0.5, 1, 2.5, 5, 10 and 20 μM) for 24 h (Fig. 1a) . Moreover, they were treated with normal medium, Aβ 1-42 (5 μM), Aβ 1-42 (5 μM) + resveratrol (1 μM), Aβ 1-42 (5 μM) + resveratrol (3 μM), Aβ 1-42 (5 μM) + resveratrol (10 μM) and Aβ 1-42 (5 μM) + resveratrol (30 μM) for 24 h, respectively (Fig. 1b) . In addition, they were treated with normal medium, resveratrol (3 μM), 3-MA (5 mM), Aβ 1-42 (5 μM), Aβ 1-42 (5 μM) + 3-MA (5 mM), resveratrol (3 μM) + 3-MA (5 mM), Aβ 1-42 (5 μM) + resveratrol (3 μM) and Aβ 1-42 (5 μM) + resveratrol (3 μM) + 3-MA (5 mM) for 24 h (Fig. 3a) . After treatment, MTT (20 μl, 0.5 mg/ml) was added to each culture well for 4 h at 37°C. The medium was removed carefully and 150 μl DMSO was added in each well to dissolve the formazan product. Finally, formazan absorbance was assessed by using a microplate reader (Multiskan Mk3; Thermo Labsystems Helsinki, Finland) with a wavelength of 492 nm. Each experiment was repeated four times.
AO staining
Cellular acidic vesicular organelles were examined by AO staining. AO, as a fluorescent molecule, can interact with DNA emitting green fluorescence or accumulate in acidic organelles, in which it becomes protonated forming aggregates that emit bright red fluorescence (Paglin et al., 2001) . Cells were treated with normal medium (CON), Aβ 1-42 (5 μM), Aβ 1-42 (5 μM) + resveratrol (3 μM) and Aβ 1-42 (5 μM) + resveratrol (3 μM) + 3-MA (5 mM) for 24 h, respectively. After treatment, the cells were stained with AO at 37°C for 15 min. And then, they were immediately visualized by a Leica TCS SP5 laser-scanning confocal microscope for detecting acidic vesicular organelles as soon as they were washed with PBS.
Immunofluorescence
Cells were treated with normal medium (CON), Aβ 1-42 (5 μM), Aβ 1-42 (5 μM) + resveratrol (3 μM) and Aβ 1-42 (5 μM) + resveratrol (3 μM) + 3-MA (5 mM) for 24 h, respectively. The method of immunofluorescence was modified on the basis of previous studies (Wang et al., 2016) . Following 30 min fixation in 4% paraformaldehyde, they were washed with PBS, and then permeabilized with 0.5% Triton X-100 and blocked with 10% NGS for 2 h at room temperature. Subsequently, the cells were incubated with primary antibody (1:1000). After washing with PBS, they were incubated with the Alexa 488 conjugated goat antirabbit and Alexa 647 conjugated goat anti-mouse IgG secondary antibody (1:1000). Thereafter, the cell nuclei were stained by DAPI. Samples were examined under a fluorescence microscope (Olympus FV1000, Japan).
Western blot analysis
Cells were treated with normal medium (CON), Aβ 1-42 (5 μM), Aβ 1-42 (5 μM) + resveratrol (3 μM) and Aβ 1-42 (5 μM) + resveratrol (3 μM) + 3-MA (5 mM) for 24 h, respectively. After incubation, they were harvested and lysed in lysis buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1% Nonidet P-40, 0.1% sodium dodecyl sulfate [SDS] , and 0.5% deoxycholic acid sodium salt [DOC]) at 0°C. The lysates were centrifuged at 12,000 rpm for 10 min at 4°C. The supernatant was mixed with loading buffer (ratio is 4:1) and boiled at 95-100°C for 20 min.
The method of western blotting was modified on the basis of previous studies (Fu et al., 2017; Wang et al., 2016) . Total proteins were subjected to electrophoresis in 10%-13% SDS−PAGE gel. After separation on polyacrylamide gel, proteins were transferred to polyvinylidenefluoride (PVDF) membranes. And then the PVDF membranes were incubated with primary antibodies (1:1000 Abcam, CST or MBL). After washing with TBST, the PVDF membranes were incubated with horseradish peroxidase labeled secondary antibodies (1:2000 Millipore). The blots were developed with a chemiluminescence detection kit (Pierce) and exposed to X-ray film (Eastman Kodak, Rochester, NY). Equal protein loading and the protein transfer were confirmed by immunoblotting for determination of actin protein using β-actin antibody (1:1000 Santa Cruz) on the same Western blots.
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Real-time quantitative PCR (qPCR)
The method of qPCR was modified on the basis of a previous study (Cheng et al., 2017) . Cells were treated with normal medium (CON), Aβ 1-42 (5 μM), Aβ 1-42 (5 μM) + resveratrol (3 μM) and Aβ 1-42 (5 μM) + resveratrol (3 μM) + 3-MA (5 mM) for 24 h, respectively. Total RNA was isolated using the RNAiso Plus Reagent (TaKaRa, Japan). Complementary DNA (cDNA) was synthesized by PrimeScript™ RT reagent Kit with gDNA Eraserg (TaKaRa, Japan). SYBR green Premix Ex Taq ™ II (TaKaRa, Japan) and PCR primers (see Supplementary material) along with cDNA template were used to perform quantitative real-time PCR (Mastercyler ep realplex, German). Multiplex reactions in triplicate were conducted with GAPDH as the internal standard. The 2 ∧ (-delta delta Ct) method were used to calculate the relative RNA expression level (Livak and Schmittgen, 2001 ).
Nuclear staining analysis by hoechst 33258
The hoechst 33258 staining was used to measure the change of nuclear morphology (Lv et al., 2015) . Cells were treated with normal medium (CON), Aβ 1-42 (5 μM), Aβ 1-42 (5 μM) + resveratrol (3 μM) and Aβ 1-42 (5 μM) + resveratrol (3 μM) + 3-MA (5 mM) for 24 h, respectively. And then, the PC12 cells were washed with PBS, and stained with Hoechst 33258 dye (5 μg/ml) for 20 min at the room temperature in the dark. After washing twice more with PBS, the Hoechst-stained nuclei were visualized by using the fluorescence microscope.
MitoTracker staining
Mitochondrial stained with MitoTracker Red CMX Ros. The method was modified on the basis of the previous study (Andres et al., 2014) . Cells were treated with normal medium (CON), Aβ 1-42 (5 μM), Aβ 1-42 (5 μM) + resveratrol (3 μM) and Aβ 1-42 (5 μM) + resveratrol (3 μM) + 3-MA (5 mM) for 24 h, respectively. And then, the PC12 cells were washed with PBS, and incubated in media containing 50 nM MitoTracker Red CMX Ros in media for 30 min. After washing with PBS, the cells were incubated in media containing 4% paraformaldehyde for 10 min. Fixation solution was then washed out with PBS before FACS analysis. After washing with PBS, samples were examined under a fluorescence microscope.
Measurements of mitochondrial membrane potential
Mitochondrial membrane potential was detected by JC-1 mitochondrial membrane potential assay kit (Kong et al., 2013) . Cells were treated with normal medium (CON), Aβ 1-42 (5 μM), Aβ 1-42 (5 μM) + resveratrol (3 μM) and Aβ 1-42 (5 μM) + resveratrol (3 μM) + 3-MA (5 mM) for 24 h, respectively. They were visualized by a Leica TCS SP5 laser-scanning confocal microscope. When the cell has high mitochondrial membrane potential, JC-1 forms polymer and produces red fluorescence. However, if the cell has low mitochondrial membrane potential, JC-1 remains in the monomeric form and produces green fluorescence.
Measurements of T-SOD and CAT activity as well as MDA and ATP level
The effects of T-SOD and CAT activity as well as MDA and ATP level were evaluated by the T-SOD, CAT, MDA and ATP assay kits . Cells were treated with normal medium (CON), Aβ 1-42 (5 μM), Aβ 1-42 (5 μM) + resveratrol (3 μM) and Aβ 1-42 (5 μM) + resveratrol (3 μM) + 3-MA (5 mM) for 24 h, respectively. And then the activity of T-SOD and CAT, the level of MDA and ATP were measured according to the instructions. In the CON group, the levels of them were defined as 100%. In other groups, the levels of them were expressed as a percentage of measurement obtained from the control group.
Statistical analysis
All data were presented as mean ± SEM. The statistical significance was assessed by one-way analysis of variance (ANOVA) and Tukey's multiple comparison post-test using the SPSS (16.0) software. Significant differences were taken when P < 0.05.
Results
MTT assay
As shown in Fig. 1a , there was a significant change in the cell viability after the exposure to 1 μM Aβ 1-42 for 24 h (P < 0.05). With the increased concentration of Aβ 1-42 , the viabilities of PC12 cells were decreased (P < 0.05). Based on these results, a concentration-dependent was observed in cell growth. Since the cell viability was nearly the Cells cultured without Aβ, resveratrol and 3-MA served as the control. ***, P < 0.001 as compared with control group. #, P < 0.05; ##, P < 0.01; ###, P < 0.001 as compared with Aβ group. These experiments have been repeated four times.
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percentage of 60, the protective mechanism of resveratrol was further examined by Aβ 1-42 of 5 μM.
As shown in Fig. 1b , the cell viability in the 5 μM Aβ 1-42 group was 62.21% ± 2.52%, compared to that in the CON group (P < 0.001). It was found that the cell viability was significantly increased to 73.90% ± 2.52% in the Aβ + resveratrol 1 μM group (P < 0.05) and 94.62% ± 1.91% in the Aβ + resveratrol 3 μM group (P < 0.001), compared to that in the Aβ group. However, the cell viabilities in both the Aβ + resveratrol 10 μM group and the Aβ + resveratrol 30 μM group were decreased to 56.53% ± 2.15% and 51.45% ± 1.51%, Representative images of co-localization of mitochondrion and autophagosome.The white points represented co-localization of LC3 and TOMM20. Scale bars: 20 μm. *, P < 0.05; **, P < 0.01; ***, P < 0.001 as compared with CON group. #, P < 0.05; ##, P < 0.01; ###, P < 0.001 as compared with Aβ group. $, P < 0.05; $$$, P < 0.001 as compared with Res group.
respectively. Accordingly, the treatment with 3 μM resveratrol was employed during following experiments.
Resveratrol promoted mitophagy in Aβ 1-42 treated PC12 cells
AO staining intensity, which was related to the extent of lysosomeacidity, was used to predict autophagy level (Klionsky et al., 2007) . Fig. 2a showed that green fluorescence with minimal orange fluorescence was displayed in the CON group. In the Aβ group, the orange fluorescence could be seen in acidic vesicular organelles. Moreover, it can be clear seen that there are more acidic vesicular organelles in the Aβ + Res group than that in the Aβ group. Additionally, we inhibited autophagy/mitophagy specifically through 3-MA. It was found that the number of acidic vesicular organelle decreased in the Aβ + Res + 3-MA group than that in the Aβ + Res group.
The mitophagy levels were assessed by the measurement of protein and mRNA level of LC3, Beclin-1 level and Parkin. It was found that the ratio of LC3-II/LC3-I and the protein expression of Beclin-1 and Parkin were significantly increased in the Aβ group, which was compared to that in the CON group. Moreover, they were increased in the Aβ + Res group than in the Aβ group, but significantly lower in the Aβ + Res + 3-MA group than in the Aβ + Res group (Fig. 2b-e) . In addition, there was a similar trend in the mRNA level of LC3, Beclin-1 and Parkin (Fig. 2f) . The mRNA level of them is higher in the Aβ group than that in the CON group, and it is higher in the Aβ + Res group than that in the Aβ + Res + 3-MA group.
In order to further investigate whether resveratrol-induced autophagy specifically eliminated to mitochondria, we examined the co-localization of TOMM20 (mitochondrial marker protein) and LC3 (autophagosome marker protein). As shown in Fig. 2g , the region of yellow color increased in the Aβ + Res group compared to that in the Aβ group. Moreover, the region of yellow color decreased in the Aβ + Res + 3-MA group compared to that in the Aβ + Res group.
Resveratrol-induced mitophagy alleviated apoptosis in Aβ 1-42 treated PC12 cells
The viability of PC12 cells was determined by MTT assay. As shown in Fig. 3a , the cell viability was significantly decreased in the 3-MA group compared to that in the CON group (P < 0.001). Moreover, the cell viability was significantly decreased in the Aβ + 3-MA group compared to that in the Aβ group (P < 0.01), and was significantly decreased in the Aβ + Res + 3-MA group compared to that in the Aβ + Res group (P < 0.001). Scale bars: 50 μm. c Percentage of apoptotic cells were measured. d apoptosis levels were measured by caspase-3 ELISA kit. ***, P < 0.001 as compared with control group. #, P < 0.05; ##, P < 0.01; ###, P < 0.001 as compared with Aβ group. $$$, P < 0.001 as compared with Aβ + Res group.
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The Hoechst dye was able to diffuse through intact membranes of PC12 cells and stain DNA (Fig. 3b) . Fig. 3c showed that the nuclei exhibited dispersed and weak fluorescence in normal cells. In contrast, the cells treated with Aβ showed that there were obvious nuclear condensation, nuclear segmentation and apoptotic bodies in a few cells. The rate of apoptosis in the Aβ group was considerably increased compared to that in the CON group (P < 0.001). The rate of apoptosis in the Aβ + Res group was significantly decreased compared to that in the Aβ group (P < 0.001), but was remarkably increased in the Aβ + Res + 3-MA group compared to that in the Aβ + Res group (P < 0.001).
The level of caspase-3 was determined by caspase-3 ELISA kit. As shown in Fig. 3d , the level of caspase-3 was much higher in the Aβ group than that in the CON group (P < 0.001). Furthermore, the level of caspase-3 in the Aβ+Res group was significantly lower than that in the Aβ group (P < 0.01), but higher in the Aβ + Res + 3-MA group than that in the Aβ + Res group (P < 0.001).
Resveratrol-induced mitophagy induced the reduction of oxidative status in Aβ 1-42 treated PC12 cells
To determine whether the damaged mitochondria was cleared by mitophagy, MitoTracker staining was measured by using fluorescence microscopy. As shown in Fig. 4a , the fluorescence intensity in Aβ + Res group was lower than that in the Aβ group. Moreover, the fluorescence intensity in Aβ + Res + 3-MA was higher than that in the Aβ + Res group.
JC-1 staining and the measurement of ATP level were used to detect mitochondria function. As shown in Fig. 4b , the treatment with Aβ induced PC12 cells to loss mitochondrial membrane potential. The mitochondrial membrane potential was higher in the Aβ + Res group than that either in the Aβ group or in the Aβ + Res + 3-MA group. As shown in Fig. 4c , the level of ATP was remarkably decreased in the Aβ group compared to that in the CON group (P < 0.001). Furthermore, the level of ATP in the Aβ + Res group was significantly higher than that in the Aβ group (P < 0.001), but was much lower in the Aβ + Res + 3-MA group than that in the Aβ + Res group (P < 0.001).
The T-SOD and CAT activity as well as MDA level were measured by the assay kits. As shown in both Fig. 4d and Fig. 4e , the activities of both T-SOD and CAT were significantly decreased in the Aβ group compared to that in the CON group (P < 0.001). Moreover, the activities of them were significantly increased in the Aβ + Res group compared to that in the Aβ group (P < 0.05), but were significantly decreased in the Aβ + Res + 3-MA group compared to that in the Aβ + Res group (P < 0.001). Fig. 4f showed that the level of MDA was remarkably increased in the Aβ group compared to that in the CON group (P < 0.001). Furthermore, the level of MDA in the Aβ + Res group was significantly lower than that in the Aβ group (P < 0.01), but was much higher in the Aβ + Res + 3-MA group than that in the Aβ + Res group (P < 0.001).
Discussion
Although the etiology of AD still needs to be clarified, mitochondrial dysfunction has gradually become the focus of the studies into the etiology of AD (Reddy and Manczak, 2009 ). In the study, the results showed that resveratrol significantly alleviated Aβ-induced mitochondrial dysfunction and oxidative damage, as well as noticeably promoted mitophagy. However, the protective effect of resveratrol was considerably impeded by autophagy/mitophagy inhibitor 3-MA. It suggests that resveratrol-induced mitophagy is neuroprotective against Aβ-induced apoptosis via attenuating oxidative stress.
Protective effect of resveratrol-induced mitophagy
A previous study reported that Parkin-dependent mitophagy was a form of mitochondrial quality control (Youle and Narendra, 2011) . At the initial stage of mitophagy, Parkin is activated and recruited to damage mitochondria (Matsuda et al., 2010) . During formation of autophagosomes, Beclin-1 and class III phosphoinositide 3-kinase (PI3K) participate in the formation of autophagosomes (Amaravadi et al., 2011) . Moreover, LC3-I is cleaved and conjugated with phosphatidylethanolamine into LC3-II by modification of autophagy-related (Atg) proteins in the course of autophagosome maturation (Taherbhoy et al., 2011) . Consequently, the detection of LC3 conversion (LC3-I to LC3-II) and the levels of Parkin and Beclin-1 are effective way to evaluate the level of mitophagy.
Parkin-mediated mitophagy is activated in the brains of AD transgenic mice and AD patients (Ye et al., 2015) . Similarly, our data showed that the increase of mitophagy level was detected in Aβ-treated PC12 cells. Moreover, neuronal apoptosis and oxidative status were elevated in in vitro and in vivo AD models (Duffy and Holscher, 2013; Fang et al., 2011) , suggesting that Parkin-dependent mitophagy could response to AD-associated mitochondrial damage and oxidative stress. However, the response of mitophagy was insufficient to eliminate the increased numbers of damaged mitochondria. Thus, the enhancement of mitophagy may facilitate removal of dysfunctional mitochondria through the autophagy-lysosomal pathway.
Recently, it was reported that mitophagy could be one of the important mechanism of protective effect of resveratrol. Resveratrol protected human peritoneal mesothelial cells (HPMCs) from ROS-NLRP3-mediated inflammatory injury through increasing mitophagy (Wu et al., 2016) . 3-MA can inhibit autophagosome formation through blocking class III phosphatidylinositol 3-kinase (PI3K) (Seglen and Gordon, 1982) , and mitophagy as well (Dai et al., 2015) . In the study, 3-MA significantly inhibited resveratrol-induced mitophagy and reversed the protective effect of resveratrol, suggesting that there was a vital role of mitophagy in the protective effect of resveratrol.
Relationship between mitophagy, mitochondrial dysfunction and oxidative damage
Molecular oxygen is involved in various essential biochemical reactions, such as the process of oxidative phosphorylation. However, if excessive reactive oxygen species are not eliminated promptly by antioxidant enzymes, they can impair mitochondrial function and impact cell viability (Ott et al., 2007) . Oxidative damage is that the reactive species (RS) generation exceeds the capacity of the antioxidant defense system (Sies, 1993) , resulting in damage to lipids, proteins and DNA and also inhibiting the normal cellular function (Rees et al., 2007) . As a by-product of lipid peroxidation, MDA is a classic and sensitive index of oxidative stress (Xiao et al., 2008) . SOD and CAT are important antioxidants, which may protect tissue and cells against oxidative damage induced by superoxide anion and hydrogen peroxide (Satpute et al., 2009) . The decrease of SOD and CAT is one of the mechanisms oxidative damage (Chen et al., 2010) .
The efficient mitochondrial function plays a major role in the proper functioning of the brain (Prakash et al., 2016) . Interestingly, there is a complex interaction between oxidative stress and mitochondrial (Bhatt et al., 2013) . Oxidative stress leads to mitochondrial fragmentation, and damages mitochondria further increases ROS production (Westermann, 2010) . Moreover, damaged mitochondria can release pro-apoptotic proteins, such as cytochrome C and other apoptotic factors. Cytochrome C release can cause the formation of apoptotic protein complexes (apoptosome) and activation of Caspase-3, and eventually activate the apoptotic process of cells (Wang, 2001) . Accordingly, regulating the number of dysfunctional mitochondria is is an effective way to limit oxidative stress and maintain neuronal survival.
Autophagy/mitophagy has been considered as one of the pathways to remove dysfunctional organelle. It was found that in hematopoietic stem and progenitor cells, knockout Atg7 could accumulate more aberrant mitochondria, elevate mitochondrial superoxide levels, DNA damage and apoptosis (Gonzalez et al., 2014) . Moreover, it was reported that Parkin-mediated mitophagy alleviated chlorpyrifos-induced oxidative stress and apoptosis in SH-SY5Y cells (Dai et al., 2015) . In the present study, resveratrol effectively eliminated the damaged mitochondria, restored the mitochondrial function and reduced the oxidative stress in Aβ-treated PC12 cells. But, all these beneficial effects were abolished when mitophagy was suppressed, suggesting that there The mitochondrial membrane potentials were examined by JC-1 staining. Scale bars: 40 μm. c ATP level measurement. d T-SOD activity measurement. e CAT activity measurement. f MDA level measurement. **, P < 0.01; ***, P < 0.001 as compared with control group. #, P < 0.05; ##, P < 0.01; ###, P < 0.001 as compared with Aβ group. $$$, P < 0.001 as compared with Aβ + Res group.
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was a crucial role of mitophagy in maintaining mitochondrial function and oxidative status of PC12 cells. In this study we found that mitophagy could effectively protect against oxidative damage caused by Aβ. Nevertheless, several other proteins, such as BNIP3 and Nix, have been also implicated in the process of mitophagy. Consequently, it will be interesting to investigate whether these proteins are also involved in resveratrol-induced mitophagy. Moreover, our understanding of the protective role of resveratrol against AD should be strengthened by a further in vivo experiments.
Conclusions
Substantial evidences have implicated that resveratrol-induced mitophagy plays a protective role against oxidative damage in the in vitro model of AD through removing dysfunctional mitochondria. This investigation will be helpful in exploring the underlying biological mechanism of resveratrol and possibly providing a new targeted therapy to AD.
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